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{. 5. ARMY MaTERIALS BESEASCH AGENCY

BLACKSODY HEFERENCE FOR TEMPERATURES ABOVE 1200 K:
STUDY FOR DESIGN REGQUIREMENTS
ABETRACT

Srcn1es were made in the design of a2 tespsrature referencs wuit, in-
cerper2ling & varuuz zystex with s zighting window, for tamperatures
rengs:ny frem 120¢ X to 2186 K. In view of the many varishles present,

r s 3

the du3ey uidy was supplemented with analvtical sand experiments] data,
15 w20k were transsmittance stucies of diffarent asighting
2okbody radia_ion, the study of thermal shielding, snd
experimentai sivliex _f blackbody radistior. The windos materisis avail
able 1ncluded f5:~d sil1ca, caiciun filuoride, and sodium chleride,
Recormendatinng a~¢ wade 15 regard to structursl saterials, sighting windows,
and therzal s%ieia:ng,
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{NTRODUCTION

on of e*ﬂerttﬁre-measurxﬁg instruzents, such 18 total
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radiation det n photovoltaic detectors, at high tenpera-
tures reguites the use of a blackbody tesperature reference. Altncugh

a nuzber of blackbody temperaturs refrrences are commercially avaiisble,
most are suitsbie oniv for tecreratures below 1450 K. The avaiiabijity
of temperature references for higher temperatures {abonve 1400 K) becoses
further jimited when these cre to inciude blackbody reference srezs -f
=oderate dimensions. In order to fulfil] the above regquiresents, design
studies were initisted relative Yo s temperature reference unit for
temperatures beginning at 1280 K and extending beyond 2300 K. The =msic
points earhasized wers the design of s suitable hagh te =perature refer-
snce uhit cohtalning & sighting windos, and the deterz.nation of appropri-
atc transzitisnce or correctien facters for the pszticuia- window,

TECHMICAL CONSIDERATIONS

Generel
in reviewing the basic i1dess for the design of o high tempersture
various tdeas were considered. The teaperature refer-
function as a bleckbody, thet is, foliow a Planckiar
bution for the entire iemperature range covered. The
uration of the hesting element should be thet of s unmi-
enciosure with an opening for tempersture or radiation

1
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rsture generation can be accomplished by many means in-
tion hesting, dielectric heating, and resistance heating.
istance neat;ng, however, is desirable becsuse electrical
are usuaily available in laborator: aress, and sany high-
terisls are conductors of electricity so that these cen be
ct or 2jternating current., The use of tantalum, tuagstes,
raghite =erit psrticular considerstion in this respect.
for high-temperature cperation in an appropriate atmos-
be fasbricated w»ith varying degrees of difficalty. The
5 & =aterisi, such as zircconium oxide, can alsoc be con-
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, 18 poor in therzail-shock resistance and would not remain
hort periocds of use, In general, the selection of & re-
or graphite for the heating element 1s preferable.
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. £&7 e considered ss temperature refer-
=on is the tungstea-fijesent Jamp used

n of optical pyrometers. Here basic
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tnation with dielectric snd resistance heating, Zirconium
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t calibration =essurezents, The width

v sl AN A e AR MARIMI AN oY pals o

1 orragt fhaes

~

P

AR b e o <




o
&
;-‘
w
n
[
&
w
e s
[~
o
-
LR B )
e |
oo
I3

The probjem of bhigh-tesperature oxidation of the structural =materisls

: for the tempersture reference unit can be resolved by excluding the oxi-

i dizing at=mosphere and using & vacuuT systes with sppropriste sighting

. wsindows., The use of windews, unfortunately, cozplicates the probles of
infrared radiation since oll windo~ mater:sis reduce, bv reflection and
sbsorpticn, the infrared radiation e=snsting from a source, Conseguentiy,
s satisfertory technical desigrn =ust gilow for an adjustsent of such lcsses
under all temperasture conditions; and the des:ign considerstions sust in-
ciude the use of sppropriste correction fazctors in conjunction with the

tezperature reference eguip=ent.

To obtain the reguired correction fsctors, additions] studies had to
be perforaed, These included blackbody radistion studies on a theoretical
and experi=ental basis: and trans=ission studies of the windos =sterisls
or an snalvtical and experi=ental bas:is,

To incresss cperational efficiency, suppiementary studies were salsc
needed relative to temperature reference components. These included
ther=a! ahielding studies on s thecretical basis:. and electrical studies
ef current and voltage on an experizental besis.

Radiation Theecry

When initisting the desigrn of & blackbody temperature reference un:
the basic laws and sssocisted principies of therzsl radistion shosid be
considered. A blackbody differs phvsically from conventional =zaterials in
that 1t is both an ides] ther=al sbsorber and an ideal therzsal eszitter. %o
known substance is s perfect blackbody radistor as suchk, but blackbods
radistion cen be nesrly sizuisted fro= & s=all hole =ade in the wail o7 &
uniforaiy hested enciosure.
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An i=portant law describing an 1des! ther=al e=itter is that orig:-
nally proposed by Planck.i-¢ This can be written sizply as
-8, s =T ;.-1
= .~ iev2 -1
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mperature. This egquation gives the intensity of radiation of an 1deal
1tter at a particular wavelength in terms of wave jength, temperature,

~ow 0
- St B ]

obrain the total intensity of radisrnion,
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on integration of Eg: -1on 2 within

: 2 prescribed lisits, the Stefan-
. - Y.
Boltzmann egquation is t-en obtained:!”!
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intensity of radiation per unit ares, 7 is the

where %..{T7 15 the zote]
it tent, and T i3 the absolute temperature,

Stefan-Bsl

FEzus<::1 ! shows that the intensity of thermal radistion of sz ideal
therzal ez 2#r is related o the fourth power of the absolute temperature.
Many tespersturz-messuring devices, such as tota] radisticn detectors, can
be desigroed snd constructed in accordence with this known relstionship.
0f course, one ccsid vs5¢ 3 thermsal emitter which is not & blackbody radi-
stor as & reference, but here it is found that additionaj terms hsve to be

inciuded 1n Eqa;:zaas 2 and 3 to describe adeguately the thermal radistion
phenomena. These additicnal terws ¢re known as the emittances of a mate-
risi and are usuaily a function of tespersture, wavelength, and surface
condition. It can be seen then that the design of 8 tempersture or radia-
tion standard would be prefersble shen based or Equations 2 and 3. The
principal reasor for this is that the emittsnce of a blackbedy, whether
spectrs! or total, is & constart and egual to unmity.

Now, the s=sunt of spectrs] radiant energy received by a temperature-

sensitive detector :s dependent on the effect of the geometry and optics,
g. of the detector together with the spectral transmittance 7, (A} of the
sindow., The resultant energy per unit time received by a éetector cas be
sritten as

335’\€\,T) =T n)Jgy A (AT {(4)
shere g 1s & constant which 1ncludes the sres of the blackbody sosrce and
the distance between the detector snd the blackbody source. It also
inciudes the characteristics of the optical systes coatsined within the
detector. The spectral transsittance 7, {A) represents the fractios of the
incident radiation which 13 transm=itted by the sindow at & particular
=avelengrth. It 1s & fumctio. <1 the windoe material snd wavelengthk of the
iZzpinging radiation.,

(PN

nd two basic constants. Equation | ran be integrated for al}l wavelengths
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The total smount of blackbody rediration recerved by 3 temperature-
7 ) ¥
sensitive detector cen be written as
%BRgIT} - _,"iT-‘"Eaé.T; (-;"
zhere 7{T} 1s the total transmittance, Here the total transwitrance depends
on the spectral distributicn of the tlackboedy reference and, therefore, on
the temperature of the blackbody referesnce.
The total transsmittance “{T} can be mathematicallv interpreted as
being composed of two parts, that is
7{T} = *cciT}""A(T} {6}

where 7 __(T) represents that ifraction of the blsckbody radiation alicpei

to pass, considering only the cut-ofi waveieagth of the window; and — /T,
represents that fraction of the blackbody radiation allowed to pass, con-
sidering both the reflection and absorption losses of the window, up to

the cut-off wavelength. The cut-off wavelength is taken to =zesn that =ave-
iength bevond which the trans=itted radiation is undetectable with the
ejuipsent used,

In the case of a fused silica window which has 8 cut-of{ wavelength
st 4.566., Equation § can be written in detail]l as

6.66n 4. 66
jJBB‘i_‘i‘\,T}'d"\ ,‘-1\" “.".!Bg.,,\{*\,f}‘d‘\
(T} =}-= = {7}
< . N 4.86
(Jgg (A Ti-dA JJgg O, T)dx
B .
or as
¢, 66 .
Fd »
SN dgp a7, T dA
e -
“{T} » (8}
Q ' 1Y
-}gﬁ ).‘ ;1‘;}.3'\
. BB.
Using Equations 5 and 8, the tots]l a=zount of blackbodv rsdiation re-
ceived by & temperature-sensitive detector #:1th a fused z31)i1ca window can
now he written 12 detail as
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Ir thie study, Equations 6, 7, 8, and 9 were used,

Thermal Shieiding Theory

In one phase of the experimental work a single tantalum shield was
needed and used to -:duce power losses by thermal radiation, & was resl-
ized, however, that a multi-element thermal shielding unit, paciizulerly
in & vecuum environment, would be greatly superior. Some of the advanteges
of a multi-elexent therzal shielding unit, therefore, were briefly revicwed,

In the case where s cylindrical configuration is used, it can be shown
thot the equation belov satisfactorily describes the heat tranafer charac-
teristics for ~ multi-ejezent shield.* For mathemstical simplicity it is=
sssumed that concentric infiritely long cylinders are enployed as shields
end that the emissivity of all surfaces, including the hot surface sad the
sink, are equal. The equstion, ther, can be written as

e
q. ?‘T"‘T‘-*i; (10)
A [ il i 2 B
s {7t (._._.__._!_ (A.I)Q(.. 13
AY g8 AN L € a=} ';f
ivine])}— jegp—
\ rc[ fe

where

3/As = rate of heat transfer per nnit area from the hot surfsce
o = the Stefan-Boltimann constant
To = temperature of the het surface
Taey = tesperature of the cold surface (sink)
€ s total emissivity {assumed to be the same for s}l serfaces)
n = number of thermel radiation shields

Ar = change in radius between consecutive cylindrical shields
r, = radius cf the hot surface

If the ratio Ar/r_ becomes very szall {r_ large relative ¢ Ar
: € - ° ’ ° g
Equation 1§ reduces to the fors

v

*XISE, LK., Jr., ond mECEF, [, T S douy Notertals Resesccd dgercs, Prewste commumicazios.
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This equation describes the heat transfer Ly radiation from a source to a
sink where all surfaces, including the shields, are infinite parajlel planes,

If n = 0, that i, there are no cylindrical thermal shields present,

an equation of the form below can be used:

S (’2'73*) ] (12)
ST

This equation describes the heat transfer by radiation from one cylindrical
surface to another cylindricel surface which surrounds it.

The effects of shielding on power Joss by radiation can be explored by
first studyirgthe least desirable condition and then studying the more fa-
vorable conditions. In all cases, it will be assumed that T°>>Tn§l, A is
a constant, Ar is a small constant increment, and the ratio Ar/r,= 1/10.

The least desirable condition exists when there are no thermal shields
present and when the total emissivity for the remaining cylindrical source
and the sink is a maximum, that is, € = 1 (sssuming the same spacingz between
source and sink as will later be present between shields}. The ratio q/A,
would be large and, for the sske of discussion, let it be assumed to have

a magnitude of 10,000 on a relative scale.

If tantalum is used, where € = 0.3 approximately, then the ratio gq/A,
is reduced to 1833. This value is considerably smaller than the first., If
thermal shields are progressively added, the ratio q/A, becomes progressively
smaller. For example, if six cylindrical shields are used, the ratio g/A,
is reduced to 330, Figure ]l i1llustrates this condition, It shows various
magnitudes of q/A, as a function of the number of shields employed. There-
fore, if one uses s certain number of shields, the thermal efficiency can

be greatly increased.
EQUIPMENT AND PROCEDURE

Rased on the principles reviewed, a simplified blackbody reference
unit was assembled for study and experimentation. Figure 2 shows a diagram
of *ne blackbody reference unit with pertinent dimensions., The tubular
graphite element shown was 11 inches in length, the outside diameter was
0.75 inch; and the wall thickness was 0,03 inch. Graphite end-plugs, to-
gether with water-cooled copper electrodes, were used to complete a direct-
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current circuit, A shunt resistor was sdded to the circuit in series with
te graphite cylinder. Since the resistance of the shunt was s known quan-
tivy, the current could be determined when voltsge measurements scross the
shunt -ssistor were made. Similarly, the voltage scroas s é-inch length of
the cyliru:-r could also be determined by the use of tungsten-wire probes
embedded thic.e¢= the well <7 the graphite cylinder, The power input for
this length of ¢y 'inder ¢ ~rid *kea be determined; in addition, an analysis
could be made of the cur-snt s*uujs'ity and power requirements st a partic-
ular temperature., Figure 3 :hevs - achematic diagram of the assembled
blackbody reference equipment,

The temperature-measuring instruments available were a micro-optical
pyrometer and a tota] radiation detector. The pyrometer was one which
could be used at different focal distances and on small target areas, Tem-
perature sightings and measurements with the pyrometer were made visuaslly
at an effective wavelength of 0.65 micron. The total radiation detector
operated on the principle that the total infrared radiation received was
converted to an electrical output signal, The detector contained a calcium
fluoride window and two mirrors in its optical system which focused the
infrared radiaticn from the source onto a heat-sensitive element, This
element, a thermocouple, produced an electromotive forcs which varied as
the temperature of the source varied.

Another radistion-measuring instrument available for this stv'y was an
infrared spectrometer having a monochromator wit: single-beam, double-pass
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Figure 3. SCHEWRTIC Zi4GRAM OF biA{NZ00Y REFERERCE EQUIPHENT

capabilitres. This instruaent was eble to reproduce the radiation inte sity
from the tempersture raference unit &3 ¢ function of the I~velength,

Carrent and voltage mezaurements were r1ecoarled with an automat:
recording potentiozeter [and with 8 null-ivpe potentiometer} using the tung-
sten probes fsnr volitege mea.urements sxd current shunt resistor for current
measurements at &n inicial t~mperature of about 1200 K. As this terperature
was increased, current and voltage mearurements were again recorded. This
procsdure was continzed aver e wide r nge of tempeTatures,

C-

The =m1iiivolt cutsul sf the total radintion detector was determined
with the aid of a null-type potentiometer while messured temperatures were
made wick 2 mrzro-opcrcal pvrozcter. In this manner, the response of the
tota] radiation detector, with a fused siiics sighting window was seasured
{elthough a# yet uncorrected fer transmittance). Similar grocedures were
follovwed after the window cn the vacuum chamber was replaced with s calcium
fluoride window and later with a sodiem rhleride window. <Jorrection factors
were then applicd to this deta to chbtain the finel results,

RESULTS AND DISCUSSION

Although the transmittence dats of the selecied windov materials havs
been chtsined previcualy by othsr investigators, these properties, particu-
iazly mear the region of the cut-0ff waveiength, were again reviewed and
determined. Figurc 4 hows the transmittance curves of & fused silica
window (810,); e calcium fluoride window (CaFj;): and a sodium chloride
window (Na(.}). The da.a renging frem 1.0 micron to the cut-off wavelengths
shown werse obtainced experimentaily with an 1nfrared specirometer, The daca
in the waveiength region beiow 1.0 micron were calcujated fras known values
of the refrsctive i1ndex5-8 together with Freasnel’s refiect on formuls for
normal incidzace. The curves show that at & wavelength of 1.0 micron the
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These windows &se re_rezeatative of ozher: sade of
the ssme mat=rin], provided that the window th zkness

w2z not ¢:ffer
appreciably froe the veclse shows.

For 1}luscrative purpoasa, thesrecical R aeckrasy radiaiiss & vres it
differest temperatures 3c= shows in Figu-. §. These curvea are hazed oun
lanck’s work and can be represented .¢ different temperstures by Egoation
1. Here radiation intezmsities ara shown as a furcticn of wavejength a=d
temperature. The temperature rahge extends fro= 1600 K to 3060608 K. It can )
be seen that the radiation inicnsities are very smsi] near §.2 micren even )
at the higher temperatures, and that the pesak intensities shift toward the

shorter waveleng:hs as the temperature is incressed,

in order to determine the totel i ansmittance of the different windos:
for blackbody radiation at difrerent temperatures, the dats and egqustions
presented iu previous sections were required.
in turn, were used with the data of Figure 5.
in accordance with Eguations 6, 7, and 8.

The data shosn :r Figure 4,
The results were interpreted

As previcusly menticned, ~.,{T) represents *hat fraction of the black-
body radiation allowed to pass considering only the cut-off waveleagth of
the fused silica window at 4.66 microns. It was determined analytically

vsing theoretical blackbody radiation values (Figure 5) together with the
known value of the cni-o0fi point.

L3 sscamTInCeE 5.

A asthemgtical desc-iption can be found
The fract:ion -gg(T)} represents the blackbady radiatiss
alloved to pass considering bot: reflection and absorption 'asses of the
fused 31lica window, up to the cut-off wavelength. t was obrtained by

us ng theoretical blackbody rasiation values (Figure S} togeth.r with the
trensmittanc. data of the wiandow (Figure 4) and then applying ths methods
of numericzi integration, The mathematical priaciples are based on the

summing up of individual transmitted radiation magnitudes for selected
wavelength increments. The tots] transmittance {expreszed as percent trans-
mittance) 7(T) for blackboady radiation is the correction factor needed.
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de and sodium chioride

v determined in the same
tegrals had to be replaced
{ vhe reguired data 1is

The total] transmittance of the ~alcius flue
windons for blackbody radiaticn was aisT separat
aanner. Here the upper limit for the pe

by the cut-off wavelengths of 10,54 ard
shown ir Figure 6.
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The various transmittance date indicate zhat the sodium chloride window
woul!d be the most desirsble from the point of view of infrared trainssission.
However, the principal disadvantage of this wiandow is that it fogs gradually
when exposed to atmosphere in relative humidities above 40% and fogs rapidly
st levels sbove 80%. The window then beccmes Jimited in infrared transmis-
sicn., Althoughk the wiudow surfaces can be repolished, this added inconven-
tence 1s present.

The infrared rediation cutout charscteristiss of tne tempersture refer-
cnce unit were thern reviewed by cvomparing the “icoretica] radiation curves
with the =xperisscata} rsdiztion curves, Figure 5 shows that the radiation
ampiitudes wreatlv increase with temperature and that definite intensitv
ratios exist between any two temperature curves a2t each waveleagth. For
example, at a wavelengrh of 2.0 microns, intensity ratios of 1.50, 1.66,1.91
and 2.35 are obtained. These intensity ratiocs are asssociated with the tem-
perature curves of 2000 K'1802 K, 1800 K/16060 K, 1600 K 1400 K, and 1400 K/

2565 X, respectivelv, Similar ratios can be extended to include other
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wavelengths., Figure 7 shows & group of experimenta] cu-ves which have
been obtained with the aid of an infrared spectrom=erer. These curves are
of blackbody radiation which has been attenuasted by the —alciuz fluoride
window end the air environment present in the room. They are similar in
fore to the theoretical blackbedy curves and characterize the rsdistion
The wavelength, indicated on

reaching s temperature-seansitive detector.
the tempers-

the abscisss axis, is nonlinesr and is apprepriately =arked;
tures shown have been obtained with a micrc-optical pyrometer. Of signif-

icance are the Jerge 820 and CG2 gbsorption bands nesar 2.7z and 4, 3.

Now, if the experimental curvez of Figure 7 ars blackbody radiastics
cerves, the same ratios ahouid be obtained at the same wavelengths ss with
the theoretical curves, since that attenunation, due to ai}l the factors zen-
tioned above, has been held constant. Table | contains the magnitudes of
the ratios of blackbodv radiatios, both for the thecrz2ical and experi-
menta] curves., Some of the temperatures for the experiments] curves are
slightly higher than those shown for the theoretical curves, but when all
the ratios are reviewed with this in mind, the data is in good agreemext.
One stil]] should consider the possibility that these curves could also be
representative of s gravybody, since unpolished graphite does have rsdiation
charscteristics of a gravbody with an exmittance constant near 0.9%). 6
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This would undoubtedly be the case :1f the radiation was from a flat graphite
piece alone, but the geometric configuration of this =aterial has been
chosen to approxizate biackbody conditions and it is bel:eved, therefore,
that the behavior tends te be that of a blackbody.

Figure § shows another group of experimental curves obtaimed with an
infrared spectrometer. T} -se are the blackbody radistion curves shich have
been attenusted by the fused silica window and the air eaviroament in the
room. Of significance is the region near the cut-off{ wevelength of 4.66u.
The radistion intensities here have been drastically reduced in magnitude
and the CO, sbsorptior band near 4.3u no Jonger can be recognized. Table
I aiso shows the magnitudes of the ratios of blackbody radistion both for
the theoretica] and experimenta] curves up to s waveiength of 3.5.. Al-
though these curves are repetitious of the data obtained with the cslcium
fluoride window, they do illustrate the effects of a sharper cut-off.

The study of blackbody radiation was continued using s tots] radiation
detector in conjunction with s micro-optical pyrometer, Figure 9 shows
the tots] radiation detector output in millivoits (both uncorrected sad
corrected) for s fused silica window, a calcium fluoride window, and &

RELATIVE RADIANT INTENSITY

1.01.25 2.0 33 &3 5.6 &9 7.0 s.c o 12,0
WAFELENSTH N M ;CRNS
Figure 8, BLACKBODY RADIATION, EXPERIMENTAL
{FUSEC SILICA WINDOW AND AR ERV | RORMENT)
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sodius chioride window. The mumcorrected data iandicates that the attensa-
tion of the fused silica wandow is such greater thar for the other windows,
This was anticipated from the known transmittances of the pertinent sindow
materials. The corrected dats was determined by applying the correction
factors 7{T} fourd im Figure 6. At 0,18 miilivolr the corrected tempers-
ture readings are 1413 K, 1423 K, ani 1436 K; at 0.24 millivolt the cor-
rected temperature readings are 1736 K, 1750 K and 1735 K; and st 8.38 =il-
livolt a2}l of the corrected temperature resdings are 1953 K. The tempera-
ture ditferences renge from= 1.4 percent spproximately to zero perceat wth
the Jargest difference occurring near 1400 K. lIdeally, all the resultant

curves shouid overlap, thaz is, the data skould be represented by one curve
sfter the correction factors are applied.

Since te=psrature stability of the tesperature refer sce apit was s
function of curreat amd voltage stability, it was iwportant that these mag-
nitudes did not fiuctuste or chasge appreciably during the periods of rea-
distios =easzresment. For this reascn, carreat aad voitage zagnitudes were
reviewed at the different texmperatures. For example, at s tempersture of
1188 K, the current was (85 amperes and the voltage {along 2 #-inch Jeagth!
was 1.08 voits: at = teaperatsre of 2218 K, the current was 332 amperes
and the voltage was $.95 voits. It was noted that both curreat snd voltage
ressined stable during ali periods of radiation date acguisition.

During tke varicss tests, there was 3 sjos deterioration of the tants-
jax hest shie}d with ~orrespoading changes in surface esittance; in time
these changes affected the power input reguirements. This deteriorstiona
was probably due to two basic csuses: the oxidation of tsztalum in s vrscasm
esvironment of 35 =microns of pressure and the reaction of tantalus eith
graphite at the higher temperatures.ii Ome solution is the sse of a higher
vacuus and an all-tsatalaos tespersture reference umit. Normally, this siow
deteriorstion is not & severe problem since simultaseows tesmperstiare meassre-
ments can be made guickiy with the differeat instruments. This could be @
problem if one vishes to calibrete the tespersture refereace wait {tempera-

ture versus pover iaput} or if one 1s limited in the mexinum current aveil-
sbie from the poser suppiy.

One other point whick cen be mentioned is thar although total] radiation
detectors sre designed in accordsmce with the Stefan-Boltzmsan law {Eguation
33, the physicea] situstios as it exists is the stmosphere differs slightly
from this lav. This is due in part to the absorption bands preseat ia the
stmosphere and shown is Figures 7 aad 8. Here, sgaia, the effects of the
large absorptios bands occurrisg mear 2.7ux {Hy0 and CD;) and 4.3 (C0;) can
be seen together with the smslier absorption bands occmrriag mear 1.3 (H,0)
snd 1.9z (H,0). The radistion detector thes sees something less thas it
would in & vecuse esviroanment slose. The resposse of the radiastioa detector
does not confore to the Stefsn-Boltsmann egustion, which comtains s paraseter
of absolute temperature to the fourth povwer but sctuslly cenforms to some-
thing less than the fourth power. Of course, most tesperature measuremeats
sre performsed with the respective instrusmests located in an 8ir atmosphere.
Tesperatare cssibrations sre siso performed im an air atmosphere by comparing
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one instrument sgainst a standard instrument and the above abssrption bands
are not reguired in detail.

Although the correctiorn factors shown in Figure 6 have been evajuated
to 2000 K, these values could be extrapolated to 3000 K without substantiai
error. The reason for this is that a!] the curves representing the re-
gquired correction factor are neariy linear bevond 2000 K. In addition, the
charscteristic slopes of the respective curves are knows together with the
upper limits of the percent transmittsnce {dotted straight linmesj. As the
temperature incresses, the percent transeittance incresses together with
an incresse in the magnitade of the correction factor.

CONCLUSIONS

The resuits of this study shos that & si=ple, economical, blackbody
referesce unit can be comstructed for operstion at te=mperstures ranging
from 1200 K to 2160 K. At these high temperatsres, & vacuum syates capsble
of operation well below 35 micrems of presssre is necessary principally to
reduce the effects of oxidation. After steady-stats conditions have been
sttained relstive to oxidation, sut-gassiag, and reactior of the co=mponent
materisls, it may be possible to remove the vacusm egquipment after {first
sealing off the evacuated vessel contaiming the high-teeperature co=ponents
ead sighting window., This arrangesest would act reguire the vacius-pumping
egquipment as u permanent fixture baet omly dsriag thkis initis] phase.

A sighting wiadow i1s reguired with the biackbody reference eguipment
to provide access to the radiation scurce as seli 8r te exciude the exter-
aa}l atmosphere. Hovever, a correction factor, 7i{T}, depeandent on the

ransmittance of the sighting window, needs to be knowsn when asiog this
equipment for the calibration of new instruments. Aay of the windows pre-
viocusly described can be used since the correctiorn factors are knrown.
These remsin constant at & particulsr tesperature and far sustained periods
of use,

Provisions should aiso be sade for the continuous measuresent of cur-
reat snd/or voltage. The initisl selection of the power sapply is depend-
ent on the msgnitude of the current needed and used; in sdditionm, sany
curreat snd voltage fluctuetions would be anm indicstiom of temperatare in-
stability of the blackbody temperature reference anit. Depending on the
pover suppiy chosen, it may be possible to operste the umit without the
need of s temperature-controiliag dervice.

With appropriate sejection of materials, & bleackbody reference unit
csn be comstructed for criibration purposes at evea higher tesperatares.
Althosgh graphite was used in this ansivysis as the prinmcipal structural
meterial, s refractory metail2.1i3 such as tartalum or tungsten can be subh-
stitoted. Taztsium is preferabie because of its ductility and stremgth:
but sdditions! experimental tests are reguired to stady facteors soch as
ioss of streagth ss a function of high temperatsre for the particular design
configasration espioyed. The use of an all-tantaiom blackbody reference smit

16
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would probably necessitate the addition of 5 high-e=zitiance cerazic oxide
{dielectric} withis its interior for favorable bisckbedy radistion char-
scteristics. The basic hesting element would bhe thin-walied and the unmit
could be enclosed by a =ulti-element tantslum heat shield., The uze of
tungsten sheet can also be considered as asother building =aterial slthough
it may become limited because of brittieness associzted with crystal growth
rt high temperatures. 3Such s texperature refereace anit shozid prove ro bLe
sstisfactory fer operation at tesperstures ap to at lesst 2540 K.
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